Dyslipidemia has been associated with an increased risk for developing cancer. However, the implicated mechanisms are largely unknown. To explore the role of dyslipidemia in breast cancer growth and metastasis, we used the apolipoprotein E (ApoE) knockout mice (ApoE À/À ), which exhibit marked dyslipidemia, with elevated circulating cholesterol and triglyceride levels in the setting of normal glucose homeostasis and insulin sensitivity. Non-metastatic Met-1 and metastatic Mvt-1 mammary cancer cells derived from MMTV-PyVmT/FVB-N transgenic mice and c-Myc/vegf tumor explants respectively, were injected into the mammary fat pad of ApoE À/À and wild-type (WT) females consuming a high-fat/high-cholesterol diet and tumor growth was evaluated. ApoE À/À mice exhibited increased tumor growth and displayed a greater number of spontaneous metastases to the lungs. Furthermore, intravenous injection of Mvt-1 cells resulted in a greater number of pulmonary metastases in the lungs of ApoE À/À mice compared with WT controls. To unravel the molecular mechanism involved in enhanced tumor growth in ApoE À/À mice, we studied the response of Mvt-1 cells to cholesterol in vitro. We found that cholesterol increased Akt S473 phosphorylation in Mvt-1 cells as well as cellular proliferation, whereas cholesterol depletion in the cell membrane abrogated Akt S473 phosphorylation induced by exogenously added cholesterol. Furthermore, in vivo administration of BKM120, a smallmolecule inhibitor of phosphatidylinositol 3-kinase (PI3K), alleviated dyslipidemia-induced tumor growth and metastasis in Mvt-1 model with a concomitant decrease in PI3K/Akt signaling. Collectively, we suggest that the hypercholesterolemic milieu in the ApoE À/À mice is a favorable setting for mammary tumor growth and metastasis.
INTRODUCTION
There is growing evidence that metabolic disorders such as obesity and type 2 diabetes increase breast cancer risk. 1 --5 Moreover, it has been demonstrated that type 2 diabetes accelerates breast cancer development independent of obesity, and this effect may be primarily mediated by hyperinsulinemia. 6, 7 Both obesity and type 2 diabetes are frequently accompanied by serum lipid abnormalities such as elevated total cholesterol, low-density lipoprotein cholesterol and triglycerides and reduced high-density lipoprotein cholesterol, which also increase the risk of various types of human malignancies, including breast cancer. The results of numerous epidemiological studies suggest that dysregulated cholesterol metabolism might be a key factor linking dyslipidemia and cancer. 8 --11 However, it remains unclear whether abnormally elevated cholesterol levels promote tumorigenesis independent of obesity and type 2 diabetes.
Cholesterol is a sterol that serves as a metabolic precursor to other bioactive sterols and plays a major role in the structure of the plasma membrane by creating a class of detergent-resistant microdomains called lipid rafts. 12 It has been shown that these lipid rafts possess a range of membrane-associated signaling proteins such as receptor tyrosine kinases. 13 Recent studies have demonstrated an elevated level of cholesterol in the plasma membrane of prostate and breast tumor cells. 14 --17 Elevations of plasma cholesterol in animal models have been shown to cause accumulations of cholesterol in lipid rafts, leading to reduced apoptosis, activation of Akt and increased prostate tumor growth. 18 Thus, cholesterol may be contributing to tumor growth by modifying signal transduction through effects on lipid rafts. 15, 18, 19 Indeed, recent studies provide evidence that cholesterol mediates localization of Akt molecules to lipid raft microdomains and leads to their activation. 20 Epidemiological studies have described a reduced occurrence of certain malignancies in patients consuming HMG-CoA (3-hydroxy-3-methyl-glutaryl coenzyme A) reductase inhibitors (statins) used for the treatment of dyslipidemia. 21 Statins are inhibitors of the rate-limiting step in cholesterol biosynthesis (conversion of HMG-CoA to mevalonate). Furthermore, prostate cancer progression has recently been shown to be inhibited by a cholesterol-lowering agent. 22, 23 Although the effects of statins in breast cancer are somewhat controversial, some studies report a lower risk of breast cancer in patients taking statins. 24, 25 Here we investigated the effects of hypercholesterolemia on mammary tumor growth and metastasis, using the apolipoprotein E (ApoE)-null mice (ApoE
À/À
). When fed a cholesterol-rich diet, ApoE À/À mice show elevated cholesterol and triglyceride levels in plasma. Interestingly, however, these mice show increased sensitivity to insulin and have normal or low glucose levels, as has been demonstrated previously. 26 We found that mammary tumors in hypercholesterolemic ApoE À/À mice were larger than those of wild-type (WT) mice and resulted in more spontaneous pulmonary metastases.
RESULTS

ApoE
À/À mice exhibit increased body weight and decreased body adiposity when fed a diet enriched with cholesterol During 10 weeks on the high-fat/high-cholesterol (HF/HC) diet, both ApoE À/À and WT mice gained body weight. However, the ApoE À/À mice had a significantly increased body weight compared with WT mice (Figure 1a ) despite the fact that food intake was similar in both groups (data not shown), an observation that has been reported previously. 26 Body adiposity measurements obtained using magnetic resonance imaging showed that ApoE À/À mice fed with HC diet did not show increased relative fat mass (measured as percent of body weight) despite increased body weight (Figures 1b and c) . Reduced body adiposity most likely results from impaired triglyceride clearance and reduced lipid uptake by adipose tissues. 26 The HF/HC diet led to a larger increase in plasma cholesterol and triglyceride levels in ApoE À/À mice when compared with the WT mice (Figures 1d and e) . Furthermore, ApoE À/À mice showed significantly lower levels of blood glucose (Figure 1f ), which has previously been shown to be the consequence of improved insulin sensitivity secondary to impaired lipid uptake by adipose tissue and muscle. 26 Met-1 and Mvt-1 mammary tumors demonstrate accelerated growth in the face of hyperlipidemia To investigate the effect of elevated cholesterol/triglyceride levels on mammary tumor growth and progression, we injected mammary cancer cell lines Met-1 and Mvt-1 into the inguinal mammary fat pad of ApoE À/À and WT mice that had been fed a HF/HC diet for 10 weeks. Tumor growth was monitored over a period of 4 --6 weeks, while mice were maintained on the HF/HC diet. As shown in Figures 2a --d , both Met-1 and Mvt-1 tumors were significantly larger in ApoE À/À than in WT mice.
Mvt-1-induced mammary tumors in ApoE À/À mice leads to an increased number of pulmonary metastases Tumor progression was assessed by determining the number of pulmonary metastases that occurred spontaneously after injection of the primary tumor orthografts. We found a greater number of spontaneous metastatic lesions in the lungs of ApoE À/À mice (11±1.6 metastases per mouse vs 5±1.8 metastases per mouse in controls; Figures 3a and b) . To address whether the higher level of pulmonary metastases observed in ApoE À/À mice is simply because of larger primary tumors or is actually a consequence of higher circulating levels of lipids, we employed intravenous injections of tumor cells to ApoE À/À and WT mice. At 3 weeks following intravenous injection the mice were killed and the number of pulmonary metastatic lesions was analyzed. As seen in Figure 3c , significantly more pulmonary metastases were detected in the lung tissue of ApoE À/À mice in comparison with the controls (9 ± 1.3 metastases per mouse vs 3 ± 1.5 metastases per mouse in controls). In ApoE À/À mice, the circulating blood in the lungs is enriched in cholesterol, which may contribute to proliferation of metastatic Mvt-1 cells in the lung tissue of these mice.
Cholesterol potentiates Akt activation in Mvt-1 cells To evaluate the effect of cholesterol on cell proliferation, 10 000 Mvt-1 cells per ml were cultured in 24-well plates. The following day, cells were starved and exposed to 50 and 100 nM (equivalent to 2 and 4 mg/dl) cholesterol for 72 h. As shown in Figure 4a , Figure 1 . High-cholesterol diet significantly increased the body weight (a) as well as the cholesterol and triglycerides levels in the plasma (d, e) of ApoE À/À mice with no increase in body adiposity (b, c). ApoE À/À mice had lower blood glucose levels (f ). Statistically significant difference between groups is indicated. *Po0.05. Student's t-test. 100 nM of cholesterol significantly increased the number of Mvt-1 cells in culture, with 50 nM also showing a trend to increase the proliferation rate.
In order to investigate the pathway involved in the accelerated mammary tumor growth and metastasis in the hypercholesterolemic ApoE À/À mice, cultured Mvt-1 cells were exposed to stimulation with 1, 5 and 10 mM (equivalent to 40, 200 and 400 mg/dl) cholesterol, respectively, for 1 h and with 1 mM cholesterol for a shorter time frame ( HF/HC diet for 10 weeks) were orthotopically injected with Mvt-1 cells into the inguinal mammary fat pad, as described above. At 2 weeks after cell inoculation, the mice were treated with BKM120 (50 mg/kg/day) or vehicle (10% NMP, 90% PEG300), orally by gavage for 2 weeks. The treatment with BKM120 resulted in a significantly attenuated tumor growth in ApoE À/À mice ( Figures  5a and b) , indicating that the PI3K/Akt pathway is one mediator of the tumor-promoting activity of hypercholesterolemia. Furthermore, PI3K blockade resulted in a significant inhibition of metastasis in BKM120-treated ApoE À/À mice compared with vehicle-treated mice (1.5 ± 0.5 spontaneous metastases per mouse in BKM120-treated ApoE À/À vs 3.5 ± 1.7 metastases per mouse in vehicle-treated ApoE À/À ; Figure 5c ). Additionally, tumor tissue extracted from ApoE À/À mice displayed an increase in Akt S473 phosphorylation that was downregulated by BKM120 treatment (Figure 5d ).
DISCUSSION
Here we present that hypercholesterolemia (and/or hypertriglyceridemia) without concomitant hyperglycemia or hyperinsulinemia affects mammary tumor growth and metastasis. The ApoE glycoprotein functions as a regulator of plasma lipid levels and participates in the uptake of lipids into different tissues by binding to lipoprotein receptors and thereby delivering both cholesterol and triglycerides into cells. The absence of ApoE leads to the accumulation of cholesterol and triglycerides in plasma. 27 Therefore, mice lacking the ApoE gene fed HC diet represent a well-known model for studying atherosclerosis. 27 In addition, deletion of the ApoE gene results in significantly lower levels of blood glucose and insulin, which is most likely the consequence of an impaired lipid uptake by adipose tissue and muscle, leading to an improvement of insulin sensitivity. 26 The hypercholesterolemic phenotype found in ApoE À/À mice also makes them a useful tool for investigating the effect of elevated cholesterol levels on different types of malignancies. The effect of upregulated triglycerides on mammary tumor growth in this model cannot be excluded, as elevated triglyceride levels have been demonstrated in patients with different types of malignancies including breast cancer patients. 28 --30 Furthermore, triglyceride-rich lipoproteins have been shown to promote proliferation of PC-3 prostate cancer cells, potentially by influencing the regulation of lipoprotein receptor expression. 31 In addition, the role of dietary energy intake and its contribution to tumor growth in our model cannot be excluded as obesity and high total energy intake has been reported to be associated with progression of prostate cancer. 24, 32 We used two orthotopic mammary tumor models, Met-1 (derived from MMTV-PyVmT/FVB/N transgenic mice) and Mvt-1 (derived from c-Myc/vegf tumor explants), in ApoE À/À and WT female mice. When fed regular chow, tumor growth in ApoE À/À and WT mice did not show significant differences (data not shown). However, when fed HF/HC diet, tumors in ApoE À/À mice were more aggressive, evident by increased primary tumor size and metastatic lesions. In concordance with our data, a recent study examined the role of cholesterol in tumor progression using the MMTV-PyMT transgenic mice. In this study, a diet-induced elevation in plasma cholesterol levels enhanced mammary tumor . Statistical analyses were determined using Student's t-test where two groups were present and analysis of variance (ANOVA) for comparing more than two groups.
Dyslipidemia promotes mammary tumor progression N Alikhani et al development. 33 Additionally, in our study, we show that the number of pulmonary metastases is increased in the hyperlipidemic ApoE À/À mouse. Similarly, growth of prostate tumor xenografts was significantly increased in severe combined immunodeficient (SCID) mice with elevated levels of circulating cholesterol. This growth was associated with increased cholesterol content in lipid rafts isolated from the tumor xenografts, and was accompanied by activation of membrane-localized Akt. 18 The lung is a susceptible organ to colonization by circulating tumor cells because of its large surface area and rich blood supply. 34 Upon examination of WT and ApoE À/À mice harboring metastatic Mvt-1 tumors, we detected significantly elevated numbers of spontaneous pulmonary metastases in the ApoE À/À mice. However, it has been proposed that larger tumors may distribute a greater number of metastasizing cells. 34, 35 To investigate whether increased metastases in ApoE À/À mice are independent of primary tumor size, we intravenously injected an identical number of Mvt-1 cells into ApoE À/À and WT mice and quantified metastatic lesions in the lungs after 3 weeks. We found significantly more macro-metastases in ApoE À/À mice, suggesting that elevated cholesterol levels promoted the proliferation of Mvt-1 cells in the lungs. The ability of cancer cells to metastasize to a greater degree in the hypercholesterolemic environment may be because of the formation of cholesterol-rich cell extensions called invadopodia, which are believed to have a role in migration of cancer cells, essential for invasion and metastasis. 36 To begin investigating the molecular mechanism involved in enhanced tumor growth in the ApoE À/À mice, we studied the response of Mvt-1 cells to cholesterol in vitro. Acute cell response to cholesterol was studied using 40 --200 mg/dl cholesterol to .05 WT BKM120 treated vs WT vehicle). At 2 weeks after tumor inoculation (50 000 Mvt-1 cells), the ApoE À/À and WT were treated with the PI3K inhibitor, BKM120 (50 mg/kg/day) or vehicle (10% NMP, 90% PEG300) by oral gavage for 13 days. The number of metastases was significantly decreased in BKM120-treated ApoE À/À mice in comparison with vehicle-treated mice (c) (*Po0.05 for ApoE À/À BKM120 treated vs ApoE À/À vehicle and # Po0.05 ApoE À/À vehicle vs WT vehicle; n ¼ 5 --7 per group). A reduced level of phosphorylated Akt S473 was found in the BKM120-treated ApoE À/À and WT mice in comparison with vehicle-treated controls. Densitometric analysis of Akt phosphorylation is presented as levels of phosphorylation compared with total Akt protein (d) (*Po0.05 for ApoE À/À BKM120 treated vs ApoE À/À vehicle). Statistical analyses were determined using Student's t-test where two groups were present and analysis of variance (ANOVA) for comparing more than two groups.
reproduce the physiological range of blood cholesterol in normal and hypercholesterolemic states, respectively. Using these concentrations, we demonstrated that cholesterol enhanced Akt activation in Mvt-1 cells. These results are in agreement with a previous study of human epidermoid carcinoma cells treated with 40 mg/dl cholesterol leading to activation of Akt.
14 Furthermore, cholesterol depletion in the cell membrane in the presence of methyl-b-cyclodextrin abrogated Akt phosphorylation induced by exogenously added cholesterol. Statistical analysis was determined using analysis of variance. Similar to our observation in vivo, we also found that cholesterol increased cellular proliferation of Mvt-1 cells in vitro. We found that the concentration of cholesterol required to activate the Akt pathway was much higher than that required to induce cellular proliferation. The reason for this difference is as yet undefined, but one possibility is that to mediate the aggregation of a significant amount of lipid raftmediated membrane receptor signaling complexes over a short time period (20 --60 min), much higher levels of cholesterol are required than to induce cell proliferation over an extended time period of 72 h. We also found the same effect in MC-38 colon cancer cell line (data not shown).
The PI3K/Akt pathway plays an important role in many cancers, contributing to apoptosis, cell differentiation and cell proliferation. 37 Blocking the PI3K/Akt pathway in vivo by treating ApoE
mice with the BKM120 compound significantly alleviated the accelerated tumor growth and metastases to the lung in comparison with vehicle-treated mice; however, we did not observe a complete cessation of tumor growth in the BKM120-treated mice. Therefore, these data suggest that additional signaling pathways may be involved in dyslipidemia-induced tumor development and progression. We also see an effect of BKM120 in WT mice, likely due to inhibition of the PI3/Akt pathway and its effect on cell proliferation.
In conclusion, we demonstrate that dyslipidemia markedly accelerates primary mammary tumor growth and metastasis. Increased cholesterol levels are associated with enhanced phosphorylation of Akt and mammary cancer cell growth in vitro. Furthermore, the mammary tumor-promoting effect of dyslipidemia in ApoE À/À mice is abrogated by BKM120, a specific inhibitor of the catalytic subunit of PI3K, the upstream activator of Akt. To our knowledge, the PI3K/Akt pathway has only been shown to be cholesterol sensitive in prostate cancer. Our investigations have indicated one potential mechanism whereby cholesterol can promote tumor growth and metastasis in breast cancer. Our data link dyslipidemia and the PI3K/Akt pathway in mammary tumor growth mechanistically and thus suggest that reducing total cholesterol levels may be an important therapeutic modality in the prevention and treatment of breast cancer.
MATERIALS AND METHODS Animals
All the mice used in this study were on an FVB/N background and were maintained in an animal facility at the Mount Sinai School of Medicine, with a 12 h light/dark cycle and free access to water. The study was approved by the animal care and use committee of Mount Sinai School of Medicine. Both ApoE À/À (kind gift of Jan Breslow, Rockefeller, New York, NY, USA) 38 and FVB/N control mice (WT) were fed HF/HC diet containing 1.25% cholesterol and 20% fat for 10 weeks (D12108: Research Diets, New Brunswick, NJ, USA) starting from 6 weeks of age.
The body weight was monitored weekly and whole-body fat and lean mass assessed using the quantitative magnetic resonance method (Echo, MRI 3-in-1, Echo Medical Systems, Houston, TX, USA). Total cholesterol levels were measured using ELISA (BioVision, Mountain View, CA, USA). Triglyceride levels were determined using Triglyceride (GPO Liquid) Reagent Set (Pointe Scientific, Inc., Canton, MI, USA). Blood glucose was determined using a glucose monitoring system (Bayer HealthCare LLC, Mishawaka, IN, USA).
Orthotopic tumor models
Two mammary cancer cell lines, Met-1 (500 000 cells), derived from MMTVPyVmT/FVB/N transgenic mice, 39 and the metastatic Mvt-1 cells (50 000 cells), derived from c-Myc/vegf tumor explants, 40 were inoculated (in 100 ml sterile phosphate-buffered saline) into the fourth mammary fat pads of ApoE À/À and WT mice after 10 weeks on the HF/HC diet. Tumor volume was measured twice a week using calipers. The volume of tumors was determined using the following formula corresponding to the threedimensional volume of a spheroid: 4/3 Â p Â (lateral width/2) Â (craniocaudal length/2) Â (anteroposterior depth/2). At dissection, the lungs were inflated and removed for determination of macro-metastatic lesions. Lungs were then fixed in 4% paraformaldehyde, embedded in paraffin, sectioned and stained using hematoxylin and eosin staining.
In vivo metastases were achieved by intravenous cell injection of 12 000 Mvt-1 cells in 100 ml sterile phosphate-buffered saline.
The effect of PI3K/Akt pathway inhibition on tumor growth and progression in vivo was examined by injecting both ApoE À/À and WT mice (fed with HF/HC diet for 10 weeks) with Mvt-1 cells into the inguinal mammary fat pad, as described above. At 2 weeks after cell inoculation, the mice were treated with BKM120 (50 mg/kg/day; Novartis, Basel, Switzerland) or vehicle (10% NMP, 90% PEG300), orally by gavage for 2 weeks.
The 
Cell culture
Mvt-1 cells were cultured in Dulbecco's modified Eagle's medium (Cellgro, Manassas, VA, USA) complete with 10% fetal bovine serum (Invitrogen/ GIBCO, Carlsbad, CA, USA) and 1% penicillin --streptomycin (Cellgro). Cells were grown to B70% confluence followed by starvation (in serum-free medium) for 4 h before treatment. The starved cells were incubated with water-soluble cholesterol (1, 5 and 10 mM equivalent to 40, 200 and 400 mg/dl; Sigma-Aldrich, St Louis, MO, USA) for 1 h. To investigate the effect of cholesterol depletion from the plasma membrane, the starved cells were treated with 5 mM of methyl-b-cyclodextrin (Sigma-Aldrich), a cholesterol-depleting agent, in the presence and absence of cholesterol.
Isolation of proteins and western blot analysis
Tumor tissue and treated cells were lysed in protein extraction buffer (pH 7.4) containing 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1.25% CHAPS (Roche, Indianapolis, IN, USA), 1 mM sodium orthovanadate, 2 mM sodium fluoride, 10 mM sodium pyrophosphate (Sigma-Aldrich), 8 mM b-glycerophosphate (VWR, West Chester, PA, USA) and Complete Protease Cocktail (Roche). A total of 20 mg of the protein content was analyzed on sodium dodecyl sulfate --polyacrylamide gel electrophoresis (8% Tris-Glycine gel; Invitrogen, Carlsbad, CA, USA) followed by transfer to nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The membrane was thereafter blocked with 5% milk followed by probing with primary and secondary antibodies. The membrane was analyzed by a direct infrared Imaging System (Li-Cor Bioscience, Lincoln, NE, USA). The primary antibodies used in the study were: Anti-Akt, phospho-Akt (Ser 473), anti-p44/42MAP kinase and anti-phospho p44/42MAP kinase (Thr202/Tyr204; Cell Signaling, Boston, MA) and b-actin (Sigma-Aldrich).
Cell proliferation assay A total of 10 000 Mvt-1 cells per ml were plated in 24-well plates for 24 h followed by incubation in serum-free medium for 2 h before addition of various concentrations of cholesterol (50 and 100 nM equivalent to 2 and 4 mg/dl). Cells were incubated with cholesterol for 72 h, after which the cells were trypsinized, diluted in phosphate-buffered saline/Trypan blue in a 1:1 ratio and the live cells counted.
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